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RF CONTROL SYSTEM FORA ROCKET-BORNE ACCELERATOR*

Michael T. Lynch, Lawn N. Serum, and David R. Keffeler, MS-H827

Los Alarnos National Laboratory, Los Alamos, NM 87S4S

Abstract

The Beam Ezperimenta Aboard Rockets (BEAR)
accelerator experiment imposes several nonstandard
requirement on the rf control system. The experiment ia
entirely hsnd-off and must operate under local computer
oontrol. The rf control systam must be extremely reliable,
which implies excellence in design end fabncction as well
es redundancy whenever possible. This paper describes
the design of the frequency-source, frequency-control, md
amplitude-control systems for the BEAR experiment.

Introduction

The ham ExpenrnenQ Aboard Rockets (BEAR) pro-
gram is a suborbital rocket flight to demonetrste the
autonomous operation of an ●ccelerator and to observe the
beam propagation. The “one-shot” nature of the experi-
ment placea added emphaaiu on the system reliability, If a
redundnnt part dues fail. the fsiiure must he transparent
end not cause the failure of any othar pert of the operating
system. Shock, vibration, end large Wmpereturs excur-
sions have been considered in component eelectioa. The
circuit boards end encloaurcs have hoen carefully designed
to be sturdy and ●s lightweight se porsible. Finally, the
entire rf system must be electrically efficient to conserve
battery power.

System Description

The pertinent epeciflcationa for the rf eyutem am
shown in Table 1. The average beam current during the
macropuhe will he 26 mA with ●n output energy of 1 MeV.
A block diagram of the rf system is shown in Fiti. 1. The
Defense and Electronic Systems Center of the Westing
house Electric Corporation designed and built the high-
power amplifiers, The minimum specified powercapability
for ~ach amplifier is 60 kW. TWOamplifiers are mqulred to
provide the nominal 100 kW for the BEAR experiment.
The additional power capability of 20 kW is required for
reliability and b provide for a sufficient amp)itudo.sontrol
msrgin, Each amplifler h~s ita own internal phase end
amplitude control loops, The primary purpose of d~e
internal control Ioop@is to provide amplitude ●nd pheen
control of amplifiers over the required uperating range.
These internal control IOCVJIImust respond to commaud
variations of 1 dB in amplitude and 30’ in phaao with a
settllng time of less than 1 tis.

In addition to these iutemnl control loops in the high-
power smpliflem, them is ●n oxtmnd H Conhl eyetim to
mahtain the proper field lovele in tha mdio-flvquency
quadruple (JUW), ti control tho frequency of the eoarea
oscillabr, and ta interfkce with the on.board eontrdor and
telemetry system. The extarnal rf control eyetem condete
of s dual amplituda.control circuit, a dual fhquency.
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,FSpecifications:

Frequency
Pulse length
Repetition rate
Total mission time
Power required by RFQ
Power capability
Output beam energy

tontrol Specifications:

Amplitude control
Frequency range
Frequency control

;nvironmentel Specifications:

Shock
Vibration
Temperature
Ambient Pressure

425 MHz
so s
5$2
400 s
100 kW
120 kW (minimum)
1 MeV

Preset * 1%
42520.5 hfHz
Fremnane@* 20 kHz

50 G
0.025 gz~Z
-65°F ta lMYT
1 atm, nitrogen

GAVMY?*1D ue

-.

pig, 1, Block dlsgmm of BKARrfoyctcm, Tho rfcontrol systsm
fa-turco ● dual rsdundad sourodfrquoncy eontrolk snd ●

dual tsdundant tmfdlhd~ Cor!trollsr.

source/fhequencyanNrcd system, @dual power regulator,
and the signal interface to the on-board controller ●nd
telemetry syetem.

The RFQ is the only cavity involved in the BEAR
experiment, and the Lnput to tho RFQ ie a dc beam (over
the width of the rf macropulse). The tWrI ●rnpHflers am

themfom, the only iteme that must maintain a conetent
relative phase.

in addition, as mentionarl Nxwrt, the high. power
smpliflen hav~ internal phase. control loops to ensuro that
the phase shift through the amplifiers is constant, For



\ these maaonc, a phase-control loop around the cavity is
unneceeeary.

Conaarvation of electrical power is mandatory in
many areue. For example, the relay used to ewitch be-

, tween rf eoureea is a latching, coaxial relay that requires
power only when switching. Power conserving CMOS and
LSLTI’L circuits are used wherever poaaible. A minimal
number of operational amplifiem are used in the control
circuik. The Westinghouse emplifiem are deenergized

between macropuleea except for a minimal nuber of
housekeeping circuits. Because of this deenergixation,
these amplifiem require an rf “prefire” pu19e
approxirnatily 0,5 ma before each macl~pulae to return the
circuih to an operational mode before the rfgating pultw is
received.

Amplitude Control

The extarnal amplitude-control loop is a dual,
redundant controller. A block diagram of the amplitude
controller is ahown in Fig. 2. Each branch of the conbller

@-*J’la
HE 2, Blink d@am of BEAR duel, rdundenl ti Smp]iWd9
eon&ollor ‘Ph. output-n~l volls~ iJ monitored by the owkh
lode, U lhe out ut-eonmol vol~~ lo not within the corrut ran~,

rth9 unuwd nmpl tude conhllor 10wlecUd.

hM ite own diode detector and ae~ point voltage. The value
for the oat point will be de~mdnad during ground teoting
●nd will be fixed for tho actual flight. To keep the system
ha almple ● poaalble for the fllght, tha at point 10 not
ui~dar compu~r control. Each amplitudo eontrollor uaea
integraL/proptlonal UP) compenmtlon (Flu. S). Thic
compertmtion achievas and ●rror (becauee of integral
control) ●nd reaaonablc bandwidtb (becrnuee of propw
tlonal contil) In a almple circuit. Tho Inugrator capacitor
ha- ● bleed reahtor acrom It kI reaattho volMIga to aero
betwesn macropulees. Thlc ~woidathe uaa of reset swikhas
and the aaaoclated rnocdbmlnti ●nd conml clrcul@.

PIE 3, Block dla~arrr nf smplltudocontrollvr circuit Tho
comprmatlon clrcult ompIoyBIntqrhl ●nd propmtlanal wnlrol

A partlcttiar arnpiltudc controliar Iu eeiacted by
connecting tiw output voitagu of tlm clrcult m ~he Input of

the Westinghouse amplifiem. The unused controller is still
operating but is not connectad in the loop. The amplitude-
control switching logic monitam the control volhge from
the amplitude controller in a dual-ended comparator. A
switch request is generamd if tie output voltage is outside
the lirnihs of the comparator circuit. The comparator must
be dual-ended to detect failures that drive the output fuli
on (such ao a 10SUof the detecmd feedback signal) en well as
failures that can turn the output voltige off (such as a 10SS
of the set-point voltage). Swikbing between the two
amplitude controlled ie done only dting the interval
between rfmacropulsee.

Frequency Source and Control

Many ground-baaed linear accelerntim control the
resonant frequency by controlling the temperature of the
accelerator cavities. This technique ailowu the usc of a
fixed-frequency oecillabx as the master oeci!lator.
However, umperature-conml 100pa are relatively slow
and require ● watar aysbam @ conbol the accelera~r
wmperature. 1%~miaakm time for BEAR is ehort (-400 s),
and wciight ia one of the primary concema in the project. In
●ddition, the duty cycle for BEAR ie small (9 X 10<), ao the
expecbd change in mwmant frequency of the RFQ caused
by-thermal effecw is small. Aa a result, wo wili not control
the temperature of the RFQ, Imtaad, ● Volkge-Controlled
Oscillator (VCO) and a Phaee-Locked Xaop iPLL) will be
used ta find and track the remnant frequency of the RFQ
during the mieaion. Bench teata havo ehown that the
fmquency+ontrol eyatem can find and lock onta the
reacmant frequency of c cavity with featumt aimiiar W the
BEAR RFQ in S. to ti-rf macropulaaa of 60 IJS. Thie locking
can occur over ● raage of f 0.5 MHz (the range of the
Vco)m

A bkwk diagram of tho fmquoncy eource and control
eyatim is shown in Fig, 4. To m.inimixa tho number of
mrltihes in the eyatum, a frequency contillar ie connected
to each VCO, A swiwh requeet to change m the other
ayatem ISgeneratad if ●ither the flwqucncy conuvller or the
Vco failm,

EFi%.%’

Fsld!a+n
Flg 4 Flloctidlm~am of duel, mdundent frequency conmollwM
wurca Tho mwltch lo@c o-itches (o lhc unwed circuit If the
output of tha VCO it tao low or U th~ RII’Q tlold mmpla does noi
roach tho ●pproprimtt level within ● predetarmlnw! numbw ofrf
pulwm,

Fr9quonoy SOurm

The VCO Its commercial product that wan purchabed
with onvlronrrmntal cpeclficatlono conalotant with Lhe



BEAR experiment. The VCO works over a range of 425 *
0.5 MHz with a *5-V control-voltage input giving a
cons-t of 0.1 MIhW. Both ouillatom will be ope-sting
throughout the miauion, but only one will be driving the
high-power unplifiem The latching relay that selects
which systam is being used provides a matihed load for he
unused millator ao that ita power will be properly
diaaipated under all operational circumstances,

Frequency Controller

The frequency controller coneiom of three pa.rta: (1)
the PLL that locks on~ and tracka the reamaot frequency
of the RFQ, (2) the frequency-ramping circuit that ramps
the VCO to quickly find the approximate remnant
frequency of the RFQ, and (3) the owitch-aeiection logic
that detann.ines wbetber or not the frequency Con&nller is
functioning properly and Benerata a witch request if the
controller is malfunctioning. Without the frequency-
ramping circuiL it could tie several minuws for the PLL
w fins the resonant frequency. Because the rniaaion is only
m few minutes long, we could not afford a long lock-up
intewal. The design thus requiree a faat lock-up
machmniam,

A black dhgrun of the fmquency-mntrol circuit is
ahon in Fig. 6, The componenm thatmake up the PLL

d
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Flu 5 Block dla~mm of frquoncy-nlrollor clrcuh Tlm ramp

!
●norntor quickly brlnga tho VCO very CIOW w h corrwl
rqumncy Tho dwc~hold deWclor th.rr dkonnacts tho ramp

norawr ●nd cormoc~ ho PLL u firm tuna the VCO frequmcy
& PLLwwistsoftho pha”dc-or, tho compvn~tion .nd bufhr
cmcult, Mm VCO, d tic poww ●mpllfhr snd RFQ (not shown),

an tho pha~ dotmtor, tbc compannatlon and buffer, the
VCO, tho high. powor amplifhr (not shown), tnd the RFQ
(not ahownh Whanevar the circuit deucts that itisnot on
the remnant fhquency, such M during the Initial otartup,
tho wiggered.ramp gormmtar Is ●nablod ●nd the PLL la
d.(aablcd. Thio quickly rempa tho VCO during ~tch
znacmpulu while the logic clrcul~ aamplm the cavity
field Irval. It takoa hpproximamly flv~ 60-tIs rf pulaas for
the re.tnp ta uwlng tbo VCO ovor Ita ●ntlre rang~, After
covarlng the tntlrc rango of the VCO, the ch’cult reaeu and
beglno th mmplng mll ovm tgaln until It findn the
rammnt kquancy, Tho dttmhd flald Ievol In tho RFQ II
comparnd to t praaat Ieval In h slnglc-ended mmpamtor.
Tho raaonrmt frequmcy Is detactad when the field Ieval

txcmd~ th prewt Ievol.
Afbr thQ remp finds tho ●pproxlmata resonant

fkwqusncy, tha ramp II dla.abled md tho PLL Ie mabled In

order w “fine tune” tho VCO fkequency ●nd tn track mny

chrnngos In tkm RFQ frequonc), Betwwn rf macropulam,

the VCO control voltage ia etm-ed in a a.amp]e.and-hold
circuit. Aa a reaul& the VCO amti ●ach macropulae at the
same frequency a.a the previous pulse. This allows the
inbsgratnr in the PLL to work over its maximum dynnmic
range. The integrator only hae to follow the small changes
in frequency that will occur during the macropulae because
of temperature fluctuation and/or beam loading. The
frequency controller must find the reaonsnt frequency to
within *20 kHz ta guarantee both Wf!lcient gain margin
for the amplitude controller and drive capability by tie
high-power a.mpiifiem. The opemtion of the frequency
controller in a breadboard conflgumtion is abown in Fig. 6.
The opemtion of the ramp genemtor and the tieover by
the PLL can be clearly seen.

Fig.6. &IllovcoP photograph ohowlng tho action of Lhofrowwrcy
corr~llor. Vertical -1010 ‘2Vldlvtiion. Horisonbl -10 is
200 rnddlvloion,

Boltom T~: MmA swlkhlngofttw rfto induco ~wchlng by
Lhofrquoncy @nLrollor. Up b rfon, urd down is rfofl.

Uppvr Traeo: Control vokgo from h frquancy controller.
Ttu r~mp ●d hold action tppm - h oti-. Ah ho H in
turned back on, It uk~c ●ppmdmauly nvOSUP tonndVi.
rwwrmn~ kquencyl

Swkhln~ L@c

Tha switch-control lugic puleaI ● Istching comial
relay b select which VCO/hequency controller is being
used (zoo Fig, 4), Tha switch reqtmot is gonemted only
during tho intarval bdween rf macropulom. Thti con-l
logic gen~mtas ● witch request if It ddectm s failure in
either tha VCO or th frequency contiller. A failure in
the V20 wI1lmanlfect Iwlf by ● lose of output signal, Thio
ie datactml by zmnpling tlm algnal lavol coming out of the
VCO hnd compsrlng It with ● preset Ioval In s comptrakm,
A failure of th~ frequency contrrdlor 10detacud bycmmting
the number of fimncropulam roquirad k find rezmmnce, If
tho number of pulzua ●xceeds h preaot numbw (Iay 10), the
Ioglc circuit will gentro~ a owi~h request to change to the
uouaod frequency corctmller,

Concluolono

The BEAR rf control oystam hm presented t sot of

unique requlremenw. Th~ mquirumcnta have been met by

almpli~ing the circuits u much M prmelblo and by using
radundmncy In cav~rtl critlcsl arias (thath, wharever the
clrcult ovorhead 10arnnll enough that It dues not hnve s
major Impact on space, wolght, or pow-r consumptb,n), The
circulh haw hem broadbmrdad, and the testmaul~ meet
the oystam requirements.


